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,~’ater Three experimental fields were laid out to study the effects of deeper drainage on the
dture processes of subsidence. It was fnund that 6 years ~fter ditchwater levels had been lowered,
~ture, surfaces had subsided 6--10 cm. Of this subsidence. 65% could be ascribed to shrinkage
:ional and oxidation of organic matter in the layer above I.he groundwater level and 35% to corn- /
much pression of the layer below groundwater level. Compression accounted for 1--4 cm of sub-

and sidence after 6 years. Because the deep peat is affected only very slightly by deeper drain-
~pics, age, it may be assumed that compression of it caus~.d little or no subsidence over the past
water 1000 years in areas with high groundwater levels.
~ness By comparing the b~flk density of organic matte," in the layers above and below ground-
~ and water level, it was found that about 0.30 m, or approximately 15% of the total subsidence
r use. of 2 m in the past 1000 years, could be ascribed to sbrinkage or the upper layer. This ~

leaves 85% to’be ascribed to the oxidation of organic matter. If it is assumed that higher
contents in mineral elements in the upper layer result from oxidation of organic matter,

torial the rate of oxidation can be calculated by comparing the bulk density or mineral elements
-dam, in the layers above and below groundwater level. In this way oxidation of 1.75 m was es-

timated which would explain surface subsidence of about 1.75 mm per year.
This theory is supported hy the fact that organic soils supply more nitrogen to the crop

than mineral soils. At deeper drainage of organic soils this additional N-supply increases
;sues, ’considerably.
;ue is The additional N-suptSly is calculated from the N-content of the dry matter yield of

grass of the experimental fields. The loss of organic matter can be calculated from the ad-
ditional N-supply, taking the N-supply of mineral soils as a reference level. According to
this calculation, the annual losses of organic matter per hectare are 4 tons in shallowly
drained and 12 tons in more deeply drained (0.5 m more) peat soils.

With a bulk density of organic matter of the toplayer of 0.2 g cm-3, the rate of loss of
organic matter is 2 mm per year at shallow drainage and it increases to 6 mm per year af-
ter 0.5 m deeper drainage. These rates of 2 and 6 mm per year are in good agreement with

erdam the soil losses above groundwater level measured by means of disks placed at various
depths in the profile, some years after drawdown of the ditchwater levels.

In this manner a plausible explanation can be given for the surface subsidence of the
117.) ~ low moor peat soils in the western Netherlands.
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wc.’d+cr~ Nt,thvrhtt~ds. l,ttml>S bcga

The traditiona! sy+tem of shallow drainage by means of ditches )~ith an i    +hallg.w drm
+̄ .... ope,  wpter level at 0.20 eo0LS0 m depJ;h ser.iously impedes+th+:in tasil’ication,+, ~i I ~’ ~--2 ~ib~.lo

.̄.-. " ’ ’and mechanizati0n~ required for modern livestock f~ming b.~cause of the in- "+ ’ +."’+. BgCklUS.e’
~. :’ sufficient bearing capacity of the sod layer of grassland. The bearin~capacity :’.~ as pasture..

i can be improved by deeper drainage (Schothorst, 1965; 1974). 0~20 .~o 0.5(
: Some Netherlands’ investigators fear this would increase the rate of subsi- ’ ’. After Ste

,, dence and might cause lower gross yields of grass resulting from irreversible a century a)
)’ desiccation of the root zone of soil profiles (Hudig and Duyverman, 1950; Details of tl
~ Hooghoudt et al., 1960). In contrast, German investigators do not share ~he Zegvelderbi
’ fear of excessive drying (Baden, 1963). der consists

The general opinion in The Net.herlands is that subsidence of peat soil~ per- station was
i! manently under grass occurs mainl~ through decreasing volume by shrinkage level was 1.
¯ above groundwater level and by compression below (Bennema et al., 1953). time, actor,

In peat soils under grass with shallow drainage oxidation of organic matter edly. Subsi(
was regarded to be not important, though it has been observed after very deep In the pe
drainage (Schothorst, 1967). Many studies outside The Netherlands have as- During the
cribed subsidence of peat soils largely to oxidation of organic matter (Neller, ¯sidence wm

i i_ 1944; Skoropanow, 1961; Van der Molen and Smits, 1962; Baden, 1963; 0.20 m belt
Okruszko, 1969; Stephens and Speir, 1969). The rate of oxidation depends Before d
on many factors, including climate, cultivation, chemical mad physical compo- the total s~

¯ sition. In subtropical areas cultivation of peat land can lead to an oxidation the initial ~
rate of I0 cm per year tLevin and Shoham, 1972).. historical s,

Another cause for concern over the effects of deeper drainage is subsidence
of old farm buildings, bridges and of other structures with consequent severe

¯ ’ damage. ~" TABLE I
¯ " Before applying deeper drainage to low moor peal soils in the old polders, Elevations o

more information was needed on the probable effects. For this purpose, three velderbroek,
experimental fields with drainage ditches at different depths were laid ou~ in ........
1969. Relations between depth of ditch- and groundwater level, moisture and
air content in spring and summer, bearing capacity, grass production and the
process of subsidence were studied during the investigation. In this paper only

+: the process of subsidence will be considered and a possible explanation given. 1877
l 907

~: HISTORY OF SUBSIDENCE 1925

1965:.- The low moor peat soils in the old polders of the western Netherlands were 1969 **
reclaimed in a period between the 9th and 14th centuries. Under the influence 1975 **

;. of drainage and agriculture, the peat began to subside. Initially, the elevation
i -- of the soil (peat) surface must have been equal to or somewhat above mean sea * O.D. ~ O
~ ~" level (Bennema, 1954). At low tides excess water could then be discharged ** concerns
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by means of sluices into the sea or into riw;rs. This system of gravitational dis-
charge was possible until the beginning of the 16th century, when the surface
had subsided to such an extent that excess water had to be discharged artifi-
cially by means of windmills. This continued until about 1870, when steam
pumps began to replace windmills. Although throughout the centuries only
shallow drainage was applied, the soil surface nevertheldss S~5~ided to about
1--2 m below sea level over a period of 8--10 centuries, i,/

Because of the low elevations of these peat soils, they now are mainly used
as pasture. At present the water level in the aitches generally is maintained
0.20 to 0.50 m below surface.

After steam-pumping stations began controlling water levels in winter about
a century ago the process of subsidence was acce!erated (Duyverman, 1948).
Details of this process can be followed from r.he records kept of the polder
Zegvelderbroek situated west of Utrecht. The present soil profile in this pol-
der consists of 7 m of eutrophic wood-sedge peat. In 1873 a steam-pumping
station was ~o-~structed and began operations. At that time the polder water
level was 1.60 and the land surface 1.50 m below mean sea level. Since that
time, according to available records, the water level has been lowered repeat-
edly. Subsidence of the soil surface ensued, as shown in Table [.

In the period of 1877--1965, the polder water level was lowered by 0.5 m.
During the same period the surface subsided an equal amount. The rate of sub-
sidence was 6 mm per year in spite of the very shallow drainage, only 0.10--
0.20 m below the surface.

Before drainage in winter was made possible by a steam-pumping station,
the total subsidence in the past amounted to at least 1.50 m, assuming that
the initial elevation was equal to or somewhat above sea level. According to
historical sources (Van Doom, 1942; Van der Linden, 1956) the polder Zeg-

TABLE I
Elevations of peat su,’face and ditchwater level during the pa.’~t cew.ury in the polder Zeg-
velderbroek, with mean sea level as reference point

Elevation below mean sea level (m -- O.D.) *

soil surface          ditchwater level

| 1877 --1.50 --1.60 lowered to: -l.68
| "1~07 , , . ’ --l.68 -1.71
/" ’1925" . " , --1.86 -1.94
"’I ’ ’:""1943 ~ --l.8b ’ --1.94 I cm per 2 years
:.~:;.: .i~.’I~65 ! ’,. ,.,--’.2.05 " " ’ --2.10 ~ ’ --2.35 ~ . ¯
]:.~: ’t96@’*~’." ::" ./: L-2~10 ’ ;: ~ ’ --~.35 ’ " ¯ .-2.85 ." ¯ ¯

-.,

"" " *:O.D. = (~rdnanc~ Datum. ~ "{
I~51 i **’concerns experimental fields for drainage.
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Ycm" 1952 195.1 1955" 195ii !960 1962 ’ IDG7 . 1570    1973- ::’ ’ ’

velderbroek w~ reclaimed round 1000 A.D. The’subsidence da~ng the subs~
quent 9 centuries thus amounted to 1.7 mm per ye~. After wa~r c6n~ol in
win~r was introduced, the subsidence accelerated from 1.7 to 6 mm per
ye~. It obviously w~ necess~y to continue to lower the water ~ble to keep
it below the continuously subsiding land surface.

More detailed data have been obtained from an experimentM field (Hoog-
houdt: 1950) l~d out in 1952 for water control in the polder Ze~elderbroek.
By means of an intensive syste~ of tile dr~ns with a spacing of 5 m~ ~oundwa~t
levels ran~ng from 0.30 to 0.70 m below the surface were main~ned. After
the experime~t w~ comple~d in 1962, the average water level in ditches was
2.60 m below mean sea level (O.D.). The ditchwa~r level, before 1952 w~
2.20 m ~ O.D. or 0.30 m below the surface.

The 0.40 m drawdown of ~e ditchwater level over a pe~od of 20 ye~ re-
sulted in a total surface subsidence of 23 cm (see Table II). The da~ in Table
II represent the mean v~ues of 200 me~urements made over the experimen-
tal field.

In the first two ye~s the subsidence proceeded very rapidly, constituting
44% of the total for the 20-ye~ period. Subsequently, the subsidence rate
decreased to a constant 7 mm per ye~, which is, according to Table I, approxi-
ma.~ly equ~ to the subsidence of the entire polder.

The subsidence m~nly seems to be caused by changes in the top layer, t~
one above ~oundwater level. This could follow from the elevation of the tile
drains, which were placed on wooden laths ~.o prevent their subsidencc when
they were installed in 1952. Initially the depth of the tiles was 0.80 m below
the surface {2.70 m ~ O.D.) and this had decreased to 0.60 m in 1973. The
elevation of the tiles with regard to the refer~nce level (O.D.) remained the
same.

It can therefore be concluded provisionally that the surface of the polder
Ze~elderbcoek subsided about 1.7 mm per year before water control was ap-

~ winter. ~fterw~ds~he subsidence increased to 6 to 7 mm per year
~ last centuD,) in spite ~igh water level~ in the ditches.

DESCRIPTIONS OF THE EXPERIMENTAL FIELDS

The experimental fields ~e located in the polder Ze~elderbroek, west of
the town of Utrecht, in the polder Hocnkoop (Lopikerwaard) ~d in the pol-
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der Bleskensgraaf (Albl~,sserwaard). Their total area is 120 ha. Deptt
The soil profile consists of eutrophic wood-sedge peat (Carex and Alnus) corders.

with a thickness of 5 to 8 m. According to the American classification system* Entir~
(Soil Survey Staff, SCS, 1975), the peats are in the great group of Medihemiststent, am
and order of Histosols. The organic matter content in the 0--0.30 m surface in dry st
layer roughly ranges from 20 to 35% in the Hoenkoop and Bleskensgraaf w[thdra"
fields and from 50 to. 70% in the Zegvelderbrock field, as shown in Table IIl. The g
The top layers of the first two fields have received fluvial sediments from test plo~
rivers. With a marked change from the clayey top layer to pure peat, the or-’ trogen f
ganic matter content gradually increases to 80--85%. at a depth of 0.80 m be- tions th
low the surface as the degree of decomposition decreases. The peat profile of the dry
Zegvelderbroek is homogeneous to the sand 7 m below the surface in contrast 1974. T
to the Hoenkoop and Bleskensgraaf fields. Here, clayey laYers of various thick- be calcu
nesses and .composition due to fluvial action appem" in the peat profile at
depth. ’ I~ESUL~[

The deep groundwater flow consists of a negative subsurface inflow in the
polder Zegvelderbroek and a positive inflow in the polders of Bleskensgraaf Surface
and Hoenkoop.

Main
METHOD OF INVESTIGATION the grot

In dry s
The experimental fields were laid out ~vithin existing farms with ditch about 0

spacings from 30 to 60 m. low dib
To study the effects of differing water levels on subsidence each of the m from

Bleskensgraaf and Hoenkoop fields was divided into five parts. In three parts m belo~
the water levels were maintained at depths of 0.40, 0.70 and 1.00 m below
the surface, respectively. In two parts the water levels in the ditches did rise
from 0.70 and from !.00 m to 0.40 m below the surface in the period from ,~oF
May to August when evat:oration exceeded precipitation. That is ~ossible by ~o
supplying water from adjacent high water ditches. The Zegvelderbroek field ,-. ,o
was divided into four parts. Water levels were maintained within 0.25 na of o .---
the surface in two parts and 0.75 m below the, surface in the other ~wo parts. -~o

Surface elevations were measured three times per year (spring, summer and -~o~-
autumn) at 50 fixed points in each of 22 parcels. These were compm’ed to~ -,~o
reference levels established by iron tubes 10 m in length inserted through the
peat and clay layers into the sand 0ottom below. In addition, metal disks ....
were placed in an undisturbed pea~ profile at ~’ertical intervals of 0.20 m at ~o
depths ranging from 0.20 to 1.40 m below the surface. Elevations of these
disks were then recorded periodically to measure the subsidence of the vari-
ous tiers within profiles. ~oo

By 1972, it had been found tha~. placement of disks within profiles pro- ~o
vided a satisfactory method for measuring subsidence of individual ti..’rs. More-
over, it had also been noted that subsider,ce occurred even if water tables
were maintained near the peat surface. D~sks .were therefore installed in three Fig. 1.1
of the test plots with high water lecels, rn belo~
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Depth to groundwater was continuously registered in 16 test plots by re-
corders¯

Entire peat profiles were sampled to determine bulk density, moisture con-
tent, and organic matter content. Samples were also ~aken in the spring and
in dry summer periods down to groundwater !evels to determine moisture
withdrawal.

The gross yield of dry matter of grass was determined in duplicate on 20
test plots so as to cover the different depths of drains and three lev~.ls of ni-
trogen fertilization, namely 0, 150 and 300 kg of N/ha. Because of indica-
tions that drainage to greater depths affected nitrogen utilization by plants,
the dry matter of the harvested grass was analyzed for nitrogen in 1973 and
1974. Thus, the nitrogen uptake from th~. peat and the yield of protein could
be calculated.

RESULTS

Surface ~u-~oside,Tce in relation to ditchwater and groundwater levels

Mainly depending on precipitation in winter and e.vaporation in summer,
the ground~vater level fluctuates as compared to ditchwater level (sec Fig. 1).
In dry summer periods, the groundwater subsides to a maximum depth of
about 0.70 m below the surface at high and to 1.00 m below the surface at
low ditchwater levels. Even if ditchwater levels are kept as high as 0.20--0.40
m from the surface in dry summers, the groundwater level drops 0¯30--0.50
m below ditchwater level.

, __ _ \..//" \>.,,,.: . ...- - ........

P-’\ ./ \ ,, #~ I \ ". ., . . i--. "\

¯ , , ........ , ....... , .... ’ ........ ~ ~ , ~ ~ ~=-L, , , , , , , , , , , , , , , , ,, .
/

Fig. I. Precipitation surplus and groundwater levels at ditchwater levels of 0.25 m and 0.75
m below the surface in the period 1969 through 1973 in the Zegvelderbroek field.
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The infiltration from the ditches is insufficient to replenish the moisture
withdrawn from the soil profile in spite of the high permeability of the peat.
This is a general phenomenon in peat areas (Sonneveld, 1954). Due to per-
manently high ditchwater lew~ls and trampling of the ditch slope by drinking
cattle, a strip about 3 m wide along each ditch has a low permeability of 0.05--
0.15 m/24 h. At greater distances from ditches, the permeability increases to
values of 3--4 m/24 h because of many fissures in the peat above groundwater
levels. These fissures are lacking close to the ditch because the soil remains
permanently wet, except for the root zone (0--0.20 m beneath surface). This
is the so-called "ditch bank effect".

In winter the groundwater level fluctuates from 0.15 m at shallow to 0.40
m below surface at 0.5 m deeper drainage. A permanent drawdown of the
ditchwater level results in a lower mean groundwater level both in winter and
in summer.

The lowering of the mean groL~ndwater level amounts to roughl.y 50% of
the drawdown of the ditchwater level. With the fluctuation of the ground- .
water level the surface elevation of the peat also fluctuates (see Fig. 2). The
same was found earlier in Gerinan experiments (Eggelsmann, 1960). The sur-

Zegvelder broek

Blesken~graaf

,. 1969    I     1970    /     1971     I     1972     I     1973 . I 1974 1975

~i~. 2. Subsidence o~ the soil surface in the perio~ ~969 through 1975 in the experimental
£ie]ds o~ ~e~veldel’broe~, B]es~enSRl’aar and i{oen~oo]) at (]irrerellt depths or ditehwater
levels.
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TABLE IV

Surface subsidence at dift’e~ent ditchwater levels from the spring of 1969 to the spring o1~1975

Ex~:. field              Zegvelderbroek:

Par¢,~. hr. 13 8 3 16 19 20a 20b

Dep::-, of ditchwater
l~ve| (m -- surface) 0.20 0.30 0.70 0.80 0.80 0.80 0.50

Sub.~.~ence (m) 0.05 0.04 0.10 0.10 0.11 0.09 0.05

Exp,.:. field Bleskensgraaf:

Pare÷: at. I II III IV V VI

Dep:= of ditchwater
level (m -- surface) 1.00 1.0010.35 0.70 0.70/0.40 0.35 0.35

Sub.~. ~-ence (m) 0.09 0.06 0.06 0.01 0.0! 0.01

Exw. :. field Hoenkoop:

Parch.: nr. Ao A~v Bo Bw Co Cw Do Dw Eo Ew
Dep::-, of ditchwater

level (m --surface) 0.70 0.70 1.00 1.00 0.70/0.40 1.00/0.40 0.50 0.40
S~,u.-..~acv (m) 0.05 0.05 ~).06 0.06 --0.02 0.02 0.02 0.03 0.04



1969-1975 surface subsidence m cm

8 41 0

¯ Ze.qve(derbroeK 81,

OmO0 0.20    0.40 0.60 ~)-80               ~4

I I I I ) I J 1969 70 71 7~ 73 74 75
~ OAO 0.80 L20

surfQce subsidence in cm
D

6
"~- 0,70 ^ x~- t. O0

8 ~

x~x~

Hoenkoop
I0 B~eskensgroat            x~ ~ ,uO

~6~ 70 7~ 72 73 74 75                     1969 70 71 72 73 74 75

~i~. 3. ~r~ce ~b~ence (era): ~. ~s ~ £u~c~o~ o~ the depth or d~h-
]eve]; ~. ~ a ~ne~o~ o~ ~{m~ a~ different depths of di~hw~ter levels [n the ZeEvelder-
broek Eield; ~. as B in the Bleskens~raaf field; D. ~ B in the Hoenkoop field.

face subsides only in dry periods of summer, at deep ~oundwater levels, ap-
p~ently due to shrinkage. The extent of subsidence is mainly determined by
the amou~ of evaporation. Deeper drainage causes somewhat more subsidence.
Depending on the organic matter con~nt of the 0~0.30 m surface layer,
the surface subsidence may range from 0 to 2 cm in a wet summer (1972) to
4 to 8 cm in a dry one (] 973). In winter at high goundwater levels the peat
swells and the surface rises. The e~tent of the swelling is determined by the
amount of precipitation in winter. With deeper drainage there is less swelling.
The resulting surface subsidence after 6 yeEs is ~ven in Table IV, which gives
mean values of 18 measurements of surface elevation at distances of 7 to 13
m from the ditches. Fig. 3A shows the subsidence as a function of the depth
of the ditchwater and ~oundwater levels. The mean depth of groundwater
lever is correlated with depth of ditchwater level as given along the abscissa
of Fig. 3A.

In Figs. 3B, C and D the surface subsidence is ~ven as a function of time,
namely from spring to spring eliminating the reversible subsidence during the
summer period. The subsidence occu~ed more rapidly during the initial yeEs
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as could be expected. After the end of 3 years (1972), the subsidence seemed
to decrease. There also seemed to be subsidence at permanently high ditch-
water levels of 0.20--0.30 m below the surface in Zegvelderbroek. This sub-
sidence amounted to zl--5 crn in 6 years or 7,5 mm per year, agreeing with
subsidence over the past century as giw, l~ in Tables I and I1.

In Bleskensgraaf the surface scarcely subsided at high water levels, whereas
in Hoenkoop a low rate of subsidence was found. At the same depth of
ditchwater level the peat soil of Zegve]derbroek, with :~1 organic matter con-
tent of 50--75% in the 0--0.30 rn layer (Table III) is rnore susceptible to sub-
sidence than the peat of the other two polders. At a drawdown of the ditch-
water level from 0.25 m to 0.75 rn from the surface the subsidence increased
from 4 cm to 10 cm in 6 years. In Bleskcn’.sgraaf and Hoenkoop polders, the
surface subsided 10 cm and 6 cm, respectively, with the ditchwater level 1 m
below the surface.

Compone~’r~ of s,~bsidence

Subsidence consists of the following components.
(1) Shrinkage due to physical processes. The withdrawal of moisture from

the surface layers by evapotranspiration may caus,, high moisture tensions in
the root zone resulting in a decremse in volume of those layers (abow* the
phreatic surface).

(2) Oxidation of orga~]ic matter throtlgh t~iochemical processes. The entry
of air into the soil seems to cause increased activity of talc’re-organisms which
consume organic matter.

(3) Compression due to a mechanic.al process. When the groundwater level
is lowered, the buoyant force of water is lost, in the upper layers. The deeper
layers then have to bear an increased weight of I g crn-2 per cm of drawdown
of the groundwater level. This will cause compression of the soil layers below
the phreatic surface.

To get more insight into the processes of subside~ce, disks were inserted
into some peat profiles, as mentioned previously. By this method the course
of subsidence of individual tiers could be measured, given in Fig. 4.

From the difference in subsidence of the top and bottom of a tier the vol-
ume change of the layer can be calculated (see Table V). This tol~le gives an
example of the changes in tiers with the seasons. The reswelling in 1971--1972
was limited because of a dry winter. In spite of the limited reswelling, the
root zone (0--0.20 m) of the profile still shows the largest reversible shrinkage.

A rise of the tiers below grotmdwater level (1.00 m - surface) is observed
in winter. Apparently the soil below ~,n~oundwater level is soft and buoyant
enough to act as a sponge whe~ the grotmdwater level rises and the load de-
creases. This phenomenon is know~ in soil mechanics from "elastic" solids
(Terzaghi, 1956). A further indication of the soft character of the deeper peat
appears in subsidence of the initial surface near farm buildings after it is cov-
ered with 1 m of sand. The total subsidence of the original surface amounted
to roughly 0.75 m.
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Subsidence, ~n cm
O Z~gvelderb~oek ~ Ble~kensgraof D
2

0.80 0.60

6 0.40

!, I0 ditch woterlevel
-70cm o.0o - 70 cm

12

0       ~ Elesken5gr~af                      ~ ¯       Hoenkoop

4 -~--~ .~ ~
~

O. 40

,~.,~’~ o.80

¯ 0.2o

o.,o
10                        o.00

- lOOcm                                    -lO0cm

1969707172 ~ 7475 19697071 727~ 74 75

~i~. 5. Subsidence o~ prol’ile tiers (depth D in m -- surface): A. at a ~epth o~ 0.~0 m -- sup
Face in Ze~velderbroek; B. at 0.?0 m in Bleskens~raaf; C. at 1.00 m in ~leskens~raar; D. a~
1.00 in ttoenkoop.

~’ainage with 0.5 m shows a !ow rate og some centimetres can be explained
by a low increased rate of the pressure on the subsoil below groundwater level.

As previously mentioned the lowering of the mean groundwater level
amounts ~o about 50% of that of the ditchwater level. The pressure on’the
subsoil below g¢oundwater increases by 1 gcm-u per I em ~gundwa~r level

or,g~nal depth Of t~er

20 ¯ "

8060
/~[,, *

ZPgvelder~roek
¯

[

,/’IB enen U ~ HoenkoopBles=ensgro° f

100
r ~ " 1~69 through 1974 I I 1969 through 1974

140~
I       I I       I       ~ ~               ~ ~       I       I

0      2      4      6      8      I0      0      2      4      6      8      I0

~ig. 6. Subsidence o~" profile tiers a~ter 6 years ot" lowered ditehwater levels as a ~unetion
o~ the original depth o~ ~ier below surgace. D = depth of ditchwater level in era.
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TABLE VI

Decrease in thickness of the profile tiers, total shrinkage including oxidation of organic matter (Ssh), total compression (Sc) and total
surface (S) in the period spring 1969 through spring !975 in mm; between brackets the f~,gures ~or 1973--1974 are given

Depth in Zegvelderbroek Bleskensgraaf Hoenkoop
m -- surface

20b 20a 3 16 III I D B

0.20--0.40 8(2) 20(2) 21(2) 16(2) 9(3) 12(3) 9(5) 9(2)
0.40--0.60 8(2) 18(4) 19(7) 11(5) 8(2) 13(2) 2(0) 10(3)
0.60--0.80 6(2) 3(3) 11(6) 8(4) 8(2) 12(3)- 1(0) 7(2)
0.80--1.00 3(3) 2(2) 0(0) 2(0) 4(0) 13(6) 0(0) 3(0)
!.00 19(3) 20(10) 27(4) 27(11) i6(2) 38(6) 9(0) 24(3)

Ssh 41(12) 64(11) 71(18) 59(12) 36(7) 63(16) 17(6) 40(9)
Sc 19(3) 20(10) 27(4) 27.(11) 16(2) 38(0) 9(0) 24(3)
S 60(15) 84(21) 98(22) 86(23) 52(9) 101(22) 26~6) 64(12)

Depth ditchwater
level in m -- surface 0.50 0.80 0.70 0.80 0.70 1.00 0.70 1.00
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drawdown. After 0.5 m deeper drainage the mean lowering of the ground-
owater level amounts to 0.25 m. So the pressure on subsoil increases by 25 g

cm-2. An intensified compression occurs after exceeding a confined pressure~ 2o

of about 50 g cm-g according to the "stress--strain" characteristics of elastic 4o

solids (Terzaghi and Peck, 1956). Muclg higher rates of compression can be 6o
expected after lowering of the groundwater level with more than 0.5 m.

Table VI also gives the thickness decreases over the period from spring
1973 to spring 1975. In this per;od compression is still observable at a rate of
4 or 3 mm per year, on the average. The shrinkage in the Zegvelderbroek and
Bleskensgraaf fields with a dr~wdown of the ditchwater level of 0.5 m amounts          ,4o~
to 7 or 8 ram.

In 1972 the disk measuring method was extended to a trial plot with a high Fig.
ditchwater level in each experimental field. In these cases the thickness changes belo
from spring to spring were too small and the period too short for reliable con-
clusions. Therefore the thickness changes within the seasons of the years 1973~:
and 1974 were used to calculate the mean subsidence in summer and theI shri
mean reswelling in the next winter with the figures given in Table VII. The

!

soil
difference between subsidence and rise can be considered as the mean h
thickness decrease per yea,’ in this period. For the same period this calculation~ fac~
was applied to the all trial plots, zon.

According to Table VII, the mean subsidence ranges from 30 to 40 mm in this
Hoenkoop and Bleskensgraaf fields and to 75 mm in the Zegvelderbroek field
in summer. For the greatest part, 85% on the average, the subsidence due to yem

leve
fou~
peri

TABLE VII
fiel}

Measured shrinkage and reswelling above groundwater level (1.00 m- surface), compres- coil:sion and rise ol~ the peat below groundwater level and total subsidence and rise, as the ave,’-
age of summer and winter of 1973 and 1974 (Z = Zegvelderbroek; B = Bleskensgraaf; siol~
H = Hoenkoop), all in mm war

....... sub,,
Plot nr. Depth ditch- Shrink- Re- Thick- Corn- Rise Total agre

wal, er ]eve] a~e .s~w;lling nc~s pres .......... mmm -- sur face                            decrease    sion           subsi- rise
denee

Shr
Z--13 0.20 18 14 --4 40 36 58 50
Z--20b 0.50 22 15 --7 47 -16 69 61
Z--20a 0.80 31 23 --8 39 34 70 57 cha
Z--3 0.70 31 23 --8 44 42 75 65
Z--16 0.80 29 23 -6 48 43 77 66 are;
B--V 0.35 34 32 --2 21 21 55 53 ~        of t
B--Ill 0.70 22 18 --4 8 7 30 25 of t
B--I 1.00 28 21 --7 12 9 40 30
H--E 0.40 20 16 --,l 10 7 30 23 mu}
H--D ..... 0.70 26 24 --2 9 9 35 33
H--B" 1.00 20 15 --5 13 Ii 33 26 85 =
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depth of t~er in cm-surfoce

60

0       ~
mean subsidence in summer 1973 ond 1974 in cm

high Fig. 7. Mean subsidence of the summers of 1973 through 1974 as a function of the depth
a~gOS below surface.

~973
shrinkage ~d compression is compensa~d for reswelling ~d ~sing of the

e soil layers in winter.
In Fig. 7 the summer subsidence .:s ~ven as a function of depth below sur-

~tion face. It appears that the reversible shrinkage is mainly restricted to the root
zone of 0 to 0.20 m surface layer. It amounts to 20 mm, on the average, for

t in this layer.
’ield I~he Ze~elderbroek field an irreversible shrinkage at a rate of 2 mm per
to ye~ ~vas obse~ed with shallow drainage and 7 mm per ye~ at low ditchwatar

levels. In the Bleskensgaaf field 7 mm and in the Hoenkoop field 5 mm were
found at ddep drainage. This agees with the da~a in Table VI, covering the
period from the spring of 1973 to the spring of 1975. In the Ze~elderbroek
field the high rate of surface subsidence in summer is l~gely caused by elastic

pres- compression of the peat below ~oundwater level. The permanent compres-
~ aver- sion amounts to 4 mm per year, on the average, for both high and low ditch-

wa~r levels. In the other two fields it ranges from 0 to 3 mm. A total mean
subsidence of 8 mm per year af shallow drainage in Ze~elderbroek field
a~ees with the data in Tables I, II and IV, ~ving a mean subsidence of 6 to 8

~ mm per year.
rise

Shrinleage and bulk density
50
6~ In the previous sections, the amount of shrinkage has been derived from
57 changes in thickness of the layers, but decreasing thickness may be due to in-
65 creasing bulk density. Soil samples were therefore taken from the top layer66
53 of the experimen~l field of Ze~elderbroek in the spring and in a d~ period
25 of the summer of 1973. The bulk densities ~e ~ven in Table VIII.
30 Shrinkage between spring and summer w~ calculated according to the for-
23 mula:
33

,26 8s = dW~/W, -- d

D--0301 48
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TABLE VIII profiles o
Bulk d~ns!ty in spring and summer (g cm-3) and shrinkage (cm) in the top layer of the ex- in Table 1
perimental field of Zegvelderbroek with high and low ditchwater ]evels (m--surface) in ~ crease in ¯
1973 considere

Layer Ditchwater level
Deeper

wood-sedm--surface ..............
0.20 m 0,70 m [ The bulk

-- ....................... elements
spring summer shrinkage spring summer shrinkage ’ Shrink~

0.00--0.05 0.43 0.57 1.6 ~ 0.49 0.57 0.8 Ss                                                                                                                                                        = dWh2
0.05-0.10 0.51 0.60 0.9 0.53 0.58 0.5
0.10-0.15 0.49 0.55 0.6 0.4 0.47 0.6 where S~ :
0.15-0.20 0.39 0.39 0 0.31 0.36 0.8 organic m
0.20-0.25 0.30 0.32 0.3 0.22 0.26 0.9 (= 0.12 g
0.25--0.30 0.26 0.26 0 0.20 0.21 0.2 ~ The to’

Total 3.4 3.8 curred in
................ only for a

tion of or

where S~ = subsidence due to shrinkage in cm; W2 = bulk density in dry sum- Oxidat
mer in g cm-a; W~ = bulk density in ~pring in g cm-~; d = actual thickness. ; As alre
(= 5 cm). The shrinkage of the upper layer of 0 to 0.20 m is in good agree- the surfa~
ment with the shrinkage measured by the disk method (Table V). Below 0.20~ matter. T
m the difference in bulk density from shrinkage is too small to be measured is not im[
reliably. The bulk density is consistent with the findings from the disks. Re- that the e
versible shrinkage in summer mainly occurs in the root zone (0--0.20 cm) sub- of The N~
ject to high moisture tensions, dation of

When i
Causes of subsidence in the past layers is d

comparin
Shrinhage the peat ~
As mentioned earlier in this paper, the surface of the peat soils in the pol- total qum

der Zegvelderbroek subsided approximately 2 m in the past 1000 years. To- centage ~
day the deeper peat is still very soft and buoyant. The results of thls study on ments in
subsidence indicate that peat below groundwater level is scarcely influenced The to
by deeper drainage (see Table VI). The compression rate still ranges from 1 to S = dWm2
4 cm. Since its reclamation in the Middle Ages the land was never drained as
deep as it is now in the experimental fieIds. Therefore, it is plausible to assume where S =

that the bulk density of the peal~ below groundwater level has scarcely in- eral elem~
creased since reclamation. Assuming that compression of the deep peat played (= 0.025 ;
no part in surface subsidence in the past, we must ascribe such subsidence to was appli,
shrinkage and oxidation of organic matter in the layer above groundwater X.
level. Accorc

The shrinkfige of that layer can be calculated by comparing the bulk densi- 248 cm. ~
ties of the layers above and below groundwater level. This was done for eight shrinkage

0--0301 49
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profiles of the experimental field of Zegvelderbroek and the figures are given
in Table IX. Because the oxidation of organic matter will cause a relative in-
cr,~ase in mineral content only the bulk density of organic matter h~s been
considered.

Deeper than 0.80 m below the surface, the bnlk densiLy of the eutrophic
wood-sedge peat is 0.145 g cm-3 at an organic matter content of 80--85%.
The bulk density of the organic matter is 0.12 gcm-3 and that of the mineral
elements 0.025 g cm-3.

Shrinkage was calculated according to the formula:

Ss = dWh2/Whl -- d,
where Ss = subsidence d1.~e to shrinkage in cm; WI12 = actual bulk density of
organic matter in g cm-3; W~I = initial bulk density of organic matter
(= 0.12 g cm-~); d = actual thickness (= 10 cm).

The total shrinkage amounts, on the average, to 28 cm, most of which oc-
curred in the top 0 to 0.30 m layer. Therefore for total subsidence in the past
only for a small part can be explained by shrinkage. There remains the oxida-
t-ion of organic matter.

Oxidation of organic tr~atter
As already mentioned in the Introduce, ion, many authors have .stated that

~..he s~rSa,ce subsidence of peat soils is mainly caused by oxidation of organic
matter. The general opinion in The Netherlands, however, was that oxidation
is not importan~ in peat land under grass. From the present study it appears
that the explanation for the subsidence of low moor peat in the western part
of The Netherlands, even when under grass, must be found chiefly in the oxi-
dation of organic matter.

When it is assumed that the higher content of mb~eral elements in the top
layers is due only to oxidation, it is possible to estimate that oxidation by
comparing the bulk density of mineral elements in the top layer with that in
the peat below groundwater level because when organic matter oxidizes the
total quantity of mineral elements will remain the same but the weight per-
centage will increase. As mentioned earlier the bulk density of mineral ele-
ments in the soil below the groundwater level is 0.025 g cm-~.

The total subsidence can be computed according to the formula:

S = dW~2/W,,,~ -- d

where S = total surface subsidence in cm; W,,2 = ac{ual bulk density of min-
eral elements in g cm-~; W,,~ = i~itial bulk density of mineral elements
(= 0.025 g cm-3); d = actual thickness of layer (= 10 cm). This calculation
was applied to the soil profiles covered in Table IX, giving the results in Table
X.

According to Table X the mean subsidence is 204 cm with a range of 164--
248 cm. This represents the entire subsidence, including shrinkage. Because
shrinkage amounts to 28 cm, total oxidation amounts to 176 cm. The present
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TABLE IX                                                                                                                         c~

Bulk density of organic matter (gcm-3) above the maximum depth of the groundwater level and the derived shrinkage (Ssh) in cm

Layer Profile number Mean Ssh
m--surface

3 4 12 13 16 17 7 8

0.00--0.10 0.25 0.24 0.24 0.24 0.25 0.27 0.24 0.24 0.24 10
0.10--0.20 0.21 0.22 0.22 0.24 0.22 0.24 0.2] 0~22 0.22 8
0.20--0.30 0.16 0.16 0.17 0.19 0.19 0.22 0.19 0.20 0.18 5
0.30--0.40 0.14 0.15 0.13 0.16 0.15 0.17 0.14 0.15 0.15 3
0.40--0.50 0.13 0.13 0.12 0.12 0.14 0.16 0.13 0:14 0.13 1 ~_
0.50--0.60 0.13 0.14 0.13 0.10 0 13 0.13 0.11 9.13 0.13 1
0.60~-0.70 0.12 0.12 0.12 0.10 0.13 0.11 0.12 0.13 0.12 0 I~
0.70--0.80 0.12 0.11 0.11 0.12 0.13 0.11 0.12 0.11 0.12 0 ~_

Shrinkage ~

Ssh 25 27 23 26 32 37 25 30 28 28 ~

TABLE X ~ |

Bulk density of mineral elements (gcm-3) above grouudwater level and the derived thickness decrease (!kV in cm)

La~’er Profile number Mean AV
m-surface

3 4 12 13 7 8 16 17

0.00-0.10 0.27 0.26 0.21 0.25 0.24 0.26 0.24 0.28 0.25 90
0.10--0.20 0.17 0.15 0.25 0.20 0.17 0.18 0.20 0.19 0.19 66
0.20--0.30 0.06 0.04 0.09 0.12 0.07 0.06 0.10 0.07 0.08 22
0.30-’0.40 0.05 0.03 0.05 0.09 "0.04 0.08 0.04 0.06 0.05 10
0.40--0.50 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.06 0.04 6
0.50--0.60 0.03 0.04 0.02 0.03 0.04 0.04 0.05 0.05 0.04 6 " ¯ ¯~.
0.60--0.70 0.02 0.03 0.03 0.02 0":05 . 0.04 0.03 0.06 0.03 . 2
0.70---0.80 0.02 0.03 0.04 0.02 0.03.%/. 0.04 0.02 0.05 0.03 2

~" (cm)       184       164       208       228    ~ 18~;       216       204       248       204.     204
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surface elevation of 2.20 below mean sea level can thus be explained as 85%
due to oxidation of organic matter. From this it follows that during a p’~iod
of 900 years the subsidence by oxidation amounted to 2 mm per year. In this
manner an initial peat formation with a thickness of 1.5 m was reduced to 20
cm muck soil with a present mineral content of 50%.

Nitrogen supply from soil and loss of organic matter

The conclusion that oxidation of organic matter of the peat soil plays an
important role in the process of subsidence is supported by the evidence of
gross yields of grass.

According to Dufch authors (Minderhoud, 1960; Jachtenberg and De Boer,
1967; Hoogerkamp and Woldring, 1965; Boxem, 1973) the gross yield of
grass on clay soils and sandy soils without nitrogen fertilizers can amount to
7 to 8 ton of dry matter per ha, whereas the gross yield of dry matter on
shallowly drained peat soils can amount to 9 to 10 ton per ha.

Not only the gross yield of dry matter is higher but also the protein yield.
This indicates a higher nitrogen suppl:¢ from the peat soils. In other words, an
additional nitrogen supply is obtained from peat soils drained to greater
depths (Neller, 1944; Stephens and Speir, 1969; Levin and Shoham, 1972;
Scheffer and Barrels, 19~/4; Waydbrinl,-, 1974).

Nitrogen deficiency due to an insufficient depth of drainage can be cor-
rected,by adding nitrogen fertilizers (Van IIoorn, 1958; Minderboud, 1960;
Sieben, 1974’).

On the bxperimental ficlds an important nitrog~m response was observed
(see Fig. 8)~At a drawdown of the ditchwater lew~l of 0.5 m the gross yield

protein y,elcl (ton.ha"~)

197:3 ond 1974 N-uptake (k .ha"1}

,4 640

3 x ~x.’~’ 480

xxx

....,.....::.~:, ¯ ~ ~o

- ¯ Z.egvetder broek
1 * Bleskensgroof 160

0                                   0
I

20 30 40 50 60 70

l I I I I l
O 20 40 60 ~}0 100

deDth dmtch waterlevel era-surface

Fig. 8. Protein yield of grass without nitrogen fertilizer and nitrogen uptake from soil as a
function of depth of ditchwater levels and groundwater levels.
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of dry matter without use of nitrogen fertilizer increased to roughly 12 to
13.5 ton per ha as an average over 5 years. The protein yields of grass cal-
culated for the years 1973 and 1974 from the N-content of the dry ma~,ter
are given it. Table XI. At a protein content of 20% the protein yield was 2
ton per ha at shMlow drainage and at a content of 22% it increased to 3 ton
per ha at a 0.5 deeper drainage. This corresponds with a N-supply of 320 and
480 kg N per ha from the soil.

Increase’in N-supply by the soil can be caused ~y additional deco~nposition
of organic matter. This loss of organic matter causes a decrease in the total
volume of peat and consequently grea’~er subsidence of the surface.

The loss of organic matter due to oxidation can be calculated from the soil
nitrogen-supply to plants. In mineral .coils where no subsidence due to loss of
organic matter is to be expected, a yield of 8 tons dry matter and 3% N takes
up 240 kg N per ha from soil. On shallowly drained peat soils with a yield of
10 ton dry matter per ha and 3.20% N the N-suppiy is 320 kg N per ha. This
agrees with an additional N-supply of 80 kg for organic soils. O~ peat soils
dralned~0.5 r~ deeper a mean yield of J 3.5 ton dry matter per ha was reached
with a N-content of 3.55%. This means an additional N-supply of 240 kg per
ha.

According to soil m~alyses of the experimental fields the N-content of the
organic matter is 4%. Only part of [,he soil nitrogen present will be taken up
by the crops. According to De Boer (1966) the uptake of nitrogen from fer-
tilizers is mostly about 60%, but in wet soils it may be only 45%. On the ex-
perimental fields the uptake at shallow drainage w.~s 57% of the 150 kg nitro-
gen fertilizer applied and it decreased to 37% at deep drainage as a result of
the increasing supply of soil nitrogen. Sieben (1974) found for arable crops a
soil nitrogen uptake percentage of 69% on deeply drained loamy soils and
64% of the nitrogen fertilizers applied.

When calculating losses of organic matter from peats under grass, it seems
reasonable to use a mean crop uptake percentage of soil nitrogen of 50%.

Then an additional N-supply of 240 kg corresponds with a loss of organic
matter of 240/(0.5 × 0.04) = 12,000 kg ha-~ (dry weight). With a mean bulk
density of organic matter of 0.2 gcm-a in the topsoil (0 to 0.30 m -- surface),
according to Table IX the loss of organic matter c~n be expr~,ssod in cm thick-
ness. Then a loss of 12 ton per ha corresponds with 0.12 g cm--~/0.2 g cm-s
= 0.6 cm.

In this way the subsidence due to oxidation (So) was calculated for each
trial plot (see Table XII).

A bulk density of organic matter of 0.2 g cm-u corresponds with an earlier
. study (Schothorst, 1967) in the northeast peat area of The Netherlands where

a bulk density of 0.18 gcm-3 was found. Moreover in a later study in Zegvel- ’ ~

¯ derbroek a bulk density of 0.2 gcm-3 was found for the organic matter lost ’.
due to ploughing for arable c, rops. The oxidation is therefore considered to
amount to ] (’m l.’r y(,ar.
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TABLE XII TABLE XIII

Measured surface subsidence (S), thickness decrease above groundwater level (A V), com- Irreversible shrin
pression (Sc) and calculated ox~dation (So) in relation to the depth of dltchwater level (D) face subsidence,
in cm, as the average for 1973 and 1974 *

Experimental
fieldPlot           D             S           Sc          ~V = Ssh + SO          So

fir.

Z--13 20 8 4 4 2.0 Zegveldcrbroek

Z--8 30 -- -- -- 2.8
Z--3 70 10 2 8 4.0 Bleskensgraaf
Z--16 80 11 5 ~ 6 5.6
B--V 35 2 0 2 2.0
B--III 70 5 1 4 3.2 Hocnkoop
B--I 100 10 3 7 7.6
H--E 40 7 3 4 2.4
H--D 70 2 0 2 4.0
H--B 100 7 2 5 6.4

¯ S, Sc and AV, all in ram, are derived from Ta}de VII.

groundwater level after some years of deeper drainage can, for the largest part, Table XIII.

be ascribed to oxidation of organic matter. (S~), as meas~

It is therefore concluded that the oxidation rate increases from about 0.2 tion (So) for

cm per year with high ditchwater levels to about 0.6 cm per year with deep age Ss~ = S --

ditchwater levels. After six y
practically z~

Components of subsidence with six years of deep drainage about 3.6 c~:
ganic matter

A schematic view of the amount of the identified components of subsidence ible shrinkag
over a period of six years (1969--1975) at different drain depths is given in of 0.40 m, t~

It is to be

mean prote,n yield (ton.n~"~) ox,d~t,cn ,. ~m ly decrease b
1973 and 1974 N-uptake (kg,h~-~) less constant

~4o ~ o necessary.
B-I 560 Oe

. ~oo o~ in the Zegve

~’~z~

z:~ ~oo o~ 0.2 cm per y

. , .-~ the first fieh320    Of
connectedo                                                   Bleskensgra~

contrasted v
moves towm
ward (polde

0.0 0.1 0.~ 0.3 0.~ 0.5 0.6 0.7 o.s 0.9 ~.0 The incre
mean measured vol,~me decrease History-sect

~n 1973 Qnd 1974 in cm

Fig. 9. Mean yield of protein and nitrogen uptake from unfertilized plot:; in cornparison to
negative sul:
bottoms.volume decrease abqye groundwater level (AV = Ssh + S~).
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TABLE XIII
Irreversible Marinkage after 6 years of deeper drainage ir: comparison with the total sur-

D) face subsidenco, oxidation and compression

__ Experimental Depth of ditch- Surface Compr~s- Oxyda- Irreversible
field water level subsidence sion (ram) tion (ram) shrinkage

(cm--surface) (mm) (ram)

Zegvelderbroek    25 45 15 14 16
75 92 27 29 36

Bleskensgraa f 35 10 0 12
7O 52 16 19        17

100 101 38 ~ 46 17
Hoenkoop <tO 20 7 14

70 40 14 24 2
100 64 24 38 2

part, Table XIII. In this table the total surface subsidence (S) and the compression
(S~,)~s. measured with the disk system, were taken from Table VI. The oxida-

.2 tion (So) for six years is from the rates in Table XII. The irreversible shrink-
p ageS~,=S -S~--So (S~ =0.35S).

After six years of deeper drainage the irreversible shrinl~age ranges from
practically zero in the Hoenkoo~ field to i.7 cm in the Blesk~nsgraaf field to
about 3.6 cm in the Zegvelderb~oek field. These values are related to the or-
ganic matter content in the surface iayem, given in Table III. Higher irrevers-

:lence ible shrinkage goes with higher levels of organic matter. With a clayey cover
tn of 0.40 m, the irreversible shrinkage is very low.

It is to be expected that compression and irr~.~versible shrinkage will gradual-
ly decrease but that oxidation of organic matter will continue at a more or
less constant rate per year till a new lowering of the ditchwater level will be
necessary.

The surface subsidence of about 0.7 cm per year at high ditchwater levels
in..~12~.Zegweldexb, mek field cannokb£L_q~,x lained entirely by oxidation (on__~ly
0.2 cm per year), as contrasted with the Bleskensgraaf experimental field. In
t~d irreversible shrinkage and compression plays a role. This may be
connected with deep groundwater flow. As already mentioned, in the polders
Bleskensgraaf and in Iqoenkoop a positive seepage from rivers is present as

~    contrasted with the polder Zegvelderbroek. Here a negative subsurface inflow
moves towards a lake reclaimed in the 19th century and situated 5 km north-
ward (polder Wilnis).

The increase in surface subsidence during the past century, discussed in the
History-section, is not a result of water control in winter but a consequence of

on to negative subsnrface inflow appea~ing after reclamation of lakes with sandy
bottoms.~
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